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INTRODUCTION
The cerebral moyamoya angiopathy (MMA) is characterized by a progressive stenosis of the intracranial internal carotid arteries (ICA) and their bifurcation proximal branches, associated with the development of thin collateral vessels at the base of the brain. 1 This rare condition (prevalence close to 6/100 000 in Japan, around ten times less in Europe) leads to ischemic and hemorrhagic stroke and affects both adults and children. 2, 3 Its pathophysiology is so far unknown. The term moyamoya disease (MMD) refers to the isolated and idiopathic form of the condition. By contrast, the term moyamoya syndrome (MMS, also called quasi-moyamoya) is used when this angiopathy is associated with an acquired condition (eg, head irradiation) or a broad spectrum of diseases with a genetic component, either polygenic, chromosomal or monogenic. Among those are several Mendelian diseases with a highly variable penetrance of MMA, ranging from o2% in RASopathies to 475% in BRCC3-mutated patients. 4 Although sporadic cases are largely preponderant in MMD, the implication of genetic factors has long been suspected, based on the strong ethnicity-related effect and a prevalence of familial cases close to 10-15%. 1 The pattern of inheritance in familial MMD cases is unclear and most likely heterogeneous. The number of affected members in multiplex MMD families is usually limited, suggesting an oligogenic or multifactorial inheritance. However, a few large MMD families consistent with an autosomal dominant pattern of inheritance have been reported in Japan. 5 RNF213, which encodes an enzyme with a RING finger and AAA+ ATPase domains, is the sole MMD susceptibility gene identified so far. 6, 7 A very strong association between a sequence variant in this gene (c.14429G4A, p.(R4810K), rs112735431) and MMD exists in East Asian countries (Japan, Korea and, to a lesser degree, China), where nearly 80% of MMD patients carry at least one mutated allele, as compared to o1.5% in healthy controls with the same ethnic background. [6] [7] [8] [9] Recently, this p.(R4810K) variant has also been shown in East Asia to increase the risk to develop MMA in various MMS, including neurofibromatosis type 1, suggesting that it could act as a modifier. 10, 11 This p.(R4810K) variant has not been detected in European patients, strongly suggesting a founder-effect in Japan and East-Asia. 1 No major susceptibility variant has been identified to date in Caucasian MMD patients. 12 Several rare and non-disruptive RNF213 variants distinct from p.(R4810K) have been reported in MMD patients of European ancestry. 6, [13] [14] [15] [16] [17] Some of these rare variants have been tested in controls and showed to be absent or present at a very low frequency. However, in most studies, controls have not been sequenced on the whole gene, precluding the comparison of frequencies of rare variants as a whole in cases and controls. Indeed, rare variant association analysis requires to use specific gene-based statistical approaches, called burden tests or collapsing tests, and not variant based tests. 18, 19 In the present study, we aimed to determine whether rare RNF213 variants are associated with an increased risk of MMA in patients of Caucasian ancestry. We used a RNF213 gene burden based strategy comparing a cohort of 68 unrelated MMA probands of European ancestry with a large cohort of ethnically matched controls.
MATERIALS AND METHODS

Cases and controls
Seventy-three unrelated Caucasian MMA probands of self-reported European ancestry were included. They were referred to i) the department of genetics at Lariboisière Hospital (Paris, France), ii) the French national center for rare vascular diseases of the brain and the eye (CERVCO), iii) the French national center for pediatric stroke (Paris, France) or iv) the neurology department at Alfried Krupp Hospital (Essen, Germany), for diagnostic and clinical care of MMD or MMS of unknown etiology. Diagnosis of moyamoya was based on Magnetic Resonance Imaging or cerebral angiography showing a stenosis or an occlusion of the terminal part of the terminal ICA and/or the proximal portions of anterior and/or middle cerebral arteries associated to an abnormal deep vascular network. 1 Patients diagnosed with both unilateral and bilateral MMA were included in the study. Clinical data, medical history and radiological findings were extracted from patient medical records or specific databases. Patients were classified as MMS of unknown etiology when, in addition to MMA, they showed dysmorphic or rare malformative features, or when they were affected by an acquired condition of particular severity or of an unusual age at onset. Given the abundant literature data about extracerebral vascular involvement in MMD patients, the sole presence of extracerebral artery stenoocclusion(s) in addition to MMA, was not considered as sufficient for classifying probands as MMS. In addition to these 73 probands, 39 affected or clinically healthy relatives were included. All patients and their participating relatives provided a written informed consent for genetic analysis according to the French and German laws. Genomic DNA was isolated from peripheral blood leukocytes according to standard protocols.
A total of 573 healthy controls, sampled in 6 different regions of France as part of the FREX project, were included. (FREX. The French Exome Project. https://www.france-genomique.org/spip/spip.php?article158.2016).
Whole exome sequencing analysis
Probands' exomes were captured using Agilent SureSelect Human All Exon V4 (N = 1), V5 (N = 6) and Clinical Research Exome (N = 66) kits (Agilent Technologies, Santa Clara, CA, USA). FREX control exomes were captured using Agilent SureSelect Human All Exon V5+UTR. Patient and FREX exome samples were processed through the same bioinformatics pipeline following GATK 3.3-0 Best Practices recommendations. 20 Variants' annotation was performed using Variant Effect Predictor (http://www.ensembl.org/Tools/ VEP). For each detected RNF213 variant, prediction of pathogenicity was assessed using Polyphen2, SIFT and PROVEAN in-silico tools. Combined Annotation Dependent Depletion (CADD) Phred scores were obtained using the VEP plugins/CADD.pm. Cases variants have been deposited in the public ClinVar database under the submission name SGMMA001 (www.ncbi.nlm.nih. gov/clinvar/).
High-quality variants located in exons and in the ± 50 bp around each coding exon of RNF213 (MIM 613768), based on NM_001256071.2, which encodes for the longest validated transcript, were extracted. Variants were considered of high-quality if they had a Variant Quality Score VQSLOD above − 2 and if genotypes were missing in o5% of the patients or the FREX controls. Only individual genotypes with a genotype quality (GQ) score 420 were retained.
Principal component analysis
Principal component analysis (PCA) was performed on the genotypes of the patients and the controls for 16 670 common SNVs extracted from WES data, in order to ensure that cases and controls were ethnically matched. The top Principal Components (PC) coordinates between cases and controls (Supplementary Figure S1) were used in the association test as adjustment variables.
Statistics
Association between RNF213 variants found in cases and controls was tested using the fixed threshold collapsing method. 21 Only missense, stoploss, stopgain, canonical splice site variants and small insertions-deletions (Indel) of RNF213 with a minor allele frequency (MAF) below 0.01 in ExAC nonFinnish European subpopulation were considered in the test. Association was then tested by comparing the number of cases and controls carrying at least one such variant in the RNF213 gene to avoid type-one error inflation due to linkage disequilibrium between variants. To correct for possible population stratification, we used the logistic regression framework and adjusted on the top 5 PCs from the PCA carried on the combined sample of cases and controls (Supplementary Figure S1) . The R package glm was used for all computations (http://www.R-project.org/).
The likelihood ratio (LR) statistics proposed by Ionita-Laza et al. 22 was used to test the presence of a region within RNF213 that would be significantly enriched in rare coding variants. We used the EBScan program developed by the authors and searched over different region sizes ranging from 10 to 25 kb. 23 CADD Phred score of rare coding variants specific to cases and controls were compared using Wilcoxon Mann-Whitney tests.
Sanger sequencing
Standard PCR amplification and Sanger sequencing were used to confirm each RNF213 candidate variant detected in cases by WES analysis in probands and to test segregation of candidate variants in participating relatives.
Molecular modeling of the RNF213 RING finger domain
Templates that could serve for modelling the 3D structure of the RNF213 RING domain was searched for using Phyre2. 24 The model was constructed using Modeller (v9.15). 25 3D structures were manipulated using Chimera. 26 RNF213 variants involving the RING-finger domain, and that have been identified either in our study or in previous moyamoya studies, have been represented on the model of the 3D structure of the RING domain.
RESULTS
Four outlier patients detected in PCA were discarded from the analysis. Another patient was excluded because of an excess of missing data. In total, 68 Caucasian MMA probands and 573 ethnicallymatched controls were included in the association study.
Demographic and clinical features of MMA patients
General characteristics of the MMA cohort are shown in Table 1 . Fifty-nine patients had been referred for MMD and 9 for MMS of unknown etiology. Screening of these patients for known acquired or inherited causes of MMS was negative. Sex ratio was 2.8 females for 1 male and mean age at onset was 27.8 years (range 2-57 years). Seventeen probands presented their first MMA symptoms before 15 years of age. Eight probands had a familial moyamoya history. All the probands but two had bilateral steno-occlusive lesions on cerebral imaging. Clinical characteristics of the 9 included MMS probands are detailed in Supplementary table S1.
RNF213 variants in patients and controls
After quality control, a total of 274 RNF213 variants were found in the combined sample of cases and controls; 224 of them were absent from ExAC Non-Finish Europeans or had a minor allele frequency below 0.01. Among these 224 low-frequency variants, 64 variants were missense, stoploss, stopgain, canonical splice site variants or Indel, and thus fulfilled the criteria to be included in the association tests. Twenty-three variants were found in cases, 49 in controls and 8 were shared by cases and controls (see Table 2 for the variants detected in MMA patients and Supplementary Table S2 for those detected in controls). Of note, the p.(R4810K) variant was absent from both cases and controls.
Nineteen of the 68 probands carried at least one rare coding variant in RNF213 versus 86 out of the 573 controls (27.9% versus 15%, respectively, with an odds ratio (OR) = 2.19, 95% confidence interval (CI) = (1.21-3.85), P = 0.008). The results remained significant when adjusted on the top 5 PCs (OR = 2.24; 95% CI = (1.19-4.11), P = 0.01). Family trees of the 19 mutated probands are shown in Figure 1 and clinical data are reported in Supplementary Table S3. The 23 rare heterozygous variants identified in the 19 mutated probands were all missense substitutions. One of them was shared by two probands (Table 2 and Figure 2 ). None of the probands was homozygous for any mutated allele, but five patients carried two heterozygous variants in RNF213. The analysis of Binary Alignment/ Map (BAM) files of proband M008-4 revealed that both variants were located on the same allele. Because of the large distance between RNF213 variants in the 4 other probands, BAM files analysis did not allow to determine if these patients were compound heterozygotes or not. A de novo mutation, p.(H4014N), was identified in one proband (M004-3).
Among the 49 heterozygous variants identified in 86 controls, 41 were found only in controls, including 39 missense variants, 1 inframe deletion and 1 nonsense variant.
Rare coding variants specific to cases showed higher CADD Phred scores (mean and median values of 18.7 and 24.2 for case restricted variants versus 11.6 and 9.4 for control restricted variants, P = 0.029).
When focusing the analysis on rare coding variants that are predicted to be deleterious by at least 2 softwares among Polyphen 2 (HumVar), SIFT and PROVEAN, we found a trend for accumulation of such variants among cases. Indeed, 9/68 cases carried at least 1 variant that meets these criteria versus 37/573 controls (13.2% versus 6.4%, P = 0.045 without adjustment and P = 0.077 after adjustment on top PCs).
In contrast with variants identified in controls, those found in MMA probands preferentially clustered in the C-terminal part of the protein, mainly within or in close vicinity of the region encoding the RING finger domain (Figures 2 and 3) . We identified a 6.2 Kb C-terminal region (chr17(hg19):78337083-78343331) where rare coding variants clustered significantly in cases (Po10 − 3 after correction for the different window sizes investigated, based on 1000 replicates). In this 'hotspot', 10 probands (14.7%) carried a total of 11 variants fulfilling inclusion criteria and 5 controls (0.9%) carried a total of 3 variants, leading to an OR of 19.19, 95% CI = (6.19-66.93); P = 7.10 − 7 . These data are shown in Figure 4 . Case variants located in the hotspot showed higher pathogenicity prediction scores that those located outside, with a mean CADD Phred score of 22.2 versus 12.9 (P = 0.039, Fisher Exact test). Of note, no variant has been identified in the AAA-ATPase domains of the protein, neither in cases nor in controls (Figure 2) .
We then restricted our analysis to the 21 probands presenting with a childhood-onset MMA (N = 17) and/or a familial MMA (N = 8). Ten of these probands (47.6%) carried a total of 13 rare coding variants in RNF213. Comparison to the 86/573 (15%) mutated controls resulted in an OR of 5.15 (95% CI = (2.08; 12.58)), P = 2.9 × 10 − 4 ). The results remained significant when adjusted on the top 5 PCs (OR = 4.54; 95% CI = (1.80-11.34), P = 1.1 × 10 − 3 ). Interestingly, eight out of these 10 mutated probands had one variant located in the mutational 'hotspot'. Rare coding RNF213 variants specific to this subset of patients had higher CADD Phred scores compared to those specific to controls (mean and median values of 23.1 and 26.4 for case restricted variants versus 11.6 and 9.4 for control restricted variants, P = 0.005).
Variant segregation analysis
A total of 39 relatives were genotyped. Among them, 16 carried the RNF213 variant found in the corresponding proband. Four out of these 16 mutated relatives were clinically affected with a MMA (M006_5, M007_5, M010_5, M019_3), indicating an incomplete penetrance of these variants. We did not identify any MMA-affected relative who did not carry the RNF213 mutation.
Clinical features of mutated cases
Eighteen out of the 19 mutated MMA probands had bilateral MMA. The proportion of mutants in the MMS group (2/9) and the MMD group (17/59) were similar, although the analysis of larger cohorts would be needed to firmly establish this point. Mutated probands M005-5 and M008-4 were diagnosed as MMS (Supplementary Table S2 ). The M005-5 proband has a left unilateral MMA diagnosed incidentally at 22 years of age. This MMA was associated with a congenital pituitary insufficiency and a left morning-glory syndrome. The M008-4 proband presented a bilateral MMA revealed at 40 years of age by a stroke; in addition she had a unilateral right thumb malformation and a mild facial dysmorphism. She died suddenly when 46 years old.
Molecular modeling of RNF213 RING finger domain and prediction of the impact of variants on its 3D structure The C3HC4-type RING finger domain of RNF146 was proposed by Phyre2 as the best template for RNF213 RING finger domain modeling (Supplementary Figure S2) . Considering our data and those from previously published studies, 9 rare coding variants located in the RING-finger domain have been reported in MMA patients to date, mostly in Caucasian patients (Figure 3) . Four of these variants (the Rare The amino acids C3997 and C4017 are within the first zinc coordination site, contributing to the conformation of the loop 1, whereas H4014 and C4032 are within the second site, contributing to Model of the 3D structure of the RNF213 RING finger (ribbon representation), based on the 3D structure of the RING domain of RNF146 (pdb 4qpl), solved in complex with its E2. 43 Amino acids which are mutated in moyamoya patients are labeled in red (our study) and blue (previous studies). p.(R4019C) and p.(D4013N), found mutated both in our study and previous studies, are in red. The position of the putative E2 partner is shown in gray, in reference to the structure of the E2-E3 complex reported in DaRosa et al., 43 with which the model of the RN213 RING 3D structure was superimposed. Figure 2 Schematic representation of the RNF213 protein and the RNF213 variants identified in the present study. This representation is based on the NP_001243000.2 isoform. The domain structure is based on NCBI data and Morito et al. 42 Amino-acid boundaries of these protein domains are indicated below each domain. The RNF213 variants found among the Caucasian MMA probands are shown above the protein (in black). Those found in the French FREX cohort are represented below the protein (in gray). Variants found both in cases and in controls are underlined. AAA+: AAA-ATPase domains; RING: RINGfinger domain.
Rare RNF213 variants in Caucasian moyamoya patients S Guey et al the conformation of loop 2 ( Figure 3d) . Interestingly, the amino acid W4024, which is found to be mutated in Miyatake study (p.(W4024R)), 8 is exposed at the surface of the RING domain, and located within the central helix that connects the two zinc coordination sites (Figure 3d ). This helix participates with loops 1 and 2 in the interface that RING domains with E3 ligase activity form with E2s. In these cases, this position is often occupied by a tryptophane or bulky hydrophobic residues, and mutation of this residue impairs RING-E2 interaction essential for E3 ubiquitin ligase activity. 27 The mutated amino acids D4013, R4019 and P4033, which are mutated herein and in previous studies, 6, 13, 16 are located in the vicinity of the zinccoordinating residues. Thus, the p.(R4019C) variant is predicted to have an impact on the conformation of loop 1, and the p.(D4013 N) and p.(P4033L) variants, on the conformation of loop 2. The p.
(P4007R) variant, reported in Wu study, 28 is also predicted to have an effect on the overall 3D structure of the RING domain, as this highly conserved residue is located at the beginning of one of the two betastrands forming the core of the RING domain.
DISCUSSION
We provided significant evidence for a positive association of rare RNF213 missense variants and MMA in patients of European ancestry. This association was even stronger in early onset and/or familial cases. These 'Caucasian' variants show higher pathogenicity predictive scores that those found in ancestry matched controls and significantly cluster in a C-terminal 'hotspot' encompassing the RING finger domain, contrasting with variants observed in controls that are evenly distributed along the gene. Herein, we performed a RNF213 gene burden test, which collapsed the information for multiple rare variants into a single genetic score instead of testing each variant individually. 18, 19 Several challenges have to be met when conducting such a test. In order to prevent stratification bias, a well-known genetic confounder of rare variant association studies, 18, 19 we used a set of 573 controls of Caucasian French ancestry and restricted our analysis to ancestry matched cases and controls. In addition, we processed case and control exome data with a unique bioinformatic pipeline and excluded variants of poor quality to avoid technical confounders. 29 This strategy allowed us to rigorously establish the association of rare RNF213 variants with MMA in Caucasian patients. To our knowledge, this study is the first genebased burden analysis of rare (MAF o1%) RNF213 variants in Caucasians. An exome-wide collapsing test has been performed once in a Caucasian MMA cohort, but failed to detect a significant association with RNF213 variants. 15 However, the use of a 5% MAF threshold might have introduced polymorphic neutral variants in both controls and patients, and thus might have diminished the power of the test. In Japanese MMD patients, where rare RNF213 variants distinct from p.(R4810K) have also been identified, a variable threshold collapsing test showed significant enrichment in rare RNF213 variants having a CADD Phred score 410. 9 These data and our data strongly suggest that rare RNF213 variants distinct from p.(R4810K) are associated with MMA, not only in East Asian but also in Caucasian patients.
Interestingly, the Caucasian MMA variants are significantly grouped in a C-terminal region that includes the RING finger domain of RNF213. Case variants located in this hotspot present a number of characteristics supporting that they might be causal, eventhough no firm conclusion can be made at the level of an individual variant: (i) these variants show higher pathogenicity prediction scores, and, except for the p.(R4019C) variant, are absent or extremely rare in FREX and ExAC controls; (ii) 8 out of the 11 case variants located in the 'hotspot' have been identified in early-onset and/or familial MMA cases, who are most likely to be of genetic origin; (iii) for two of these variants, a recurrence was observed across multiplex families from distinct studies. Indeed, p.(D4013N), identified in M007 family, was previously shown to segregate with MMD in two large families of European ancestry. 6, 13 As well, the p.(V3933M) variant was identified both in M007 family and in a previously published Taiwanese family. 30 (iv) another case variant located within the hotspot, p.(H4014N), occurred de novo in a sporadic case, which is a strong argument for causality. Of note, this variant is the fifth de novo RNF213 variant to be reported in the context of sporadic early-onset MMD, the previous four being p.(C4017S), p.(K4115del), p.(S4118F) and p.(V4146A). 13, 16, 17, 31 Two of these de novo variants, p.(H4014N) and p.(C4017S), affect key cysteine or histidine residues of the RING-finger domain that are directly involved in zinc coordination (Figure 3 ). The analysis of RING finger conservation across species reveals that the RNF213 RING-finger is most likely a C3HC4 type (Supplementary Figure S2) . Indeed, the cysteine and histidine residues of the C3HC4 motif are well conserved in the RNF213 orthologs, whereas the C4009 residue is not, arguing against the hypothesis of a C4C4 structure. In addition, all best supports for modeling the RINGfinger 3D structure, as proposed by Phyre2, belong to the C3HC4 subgroup (Supplementary Figure S2) . To date, 9 rare variants located in the RING-finger domain of RNF213 have been detected in MMA patients. According to our 3D model of RNF213 RING finger domain, all of them are predicted to alter its structure or impair its binding to partners (Figure 3d ). This finding suggests that alteration of the RNF213 RING-finger structure or function most likely plays an important role in moyamoya pathogenesis. Many data support that RING-finger proteins act as E3 ubiquitin ligases. 27, 32, 33 In addition, auto-ubiquitination assays conducted in transfected cells and co-immunoprecipitation data suggest that the RING-finger domain is possibly involved in the ubiquitin ligase activity of RNF213. 6, 34 However, substrates and partners of RNF213 are so far largely unknown. Their identification, as well as the identification of the biological pathways involving RNF213, is needed to characterize the functional consequences of RNF213 variants.
In our study, the penetrance of MMA in family members carrying a RNF213 variant is close to 25%, in line with what is observed in Cecchi study. 13 This 25% penetrance in a family context appears much higher than the penetrance reported for the p.(R4810K) variant in East Asian population. Indeed, although heavily associated with MMA in Figure 4 Clustering of rare coding RNF213 variants detected in MMA cases. Scanning-window length is 10 kb. The rug plot on the top of the figure shows the distribution of rare variants in the region fulfilling the inclusion criteria for analysis. The rare variants only present in cases are shown in red, and those present only in controls are shown in black. The red line indicates the 6.2 kb region where rare coding variants clustered significantly in cases (Po10 − 3 ).
Rare RNF213 variants in Caucasian moyamoya patients S Guey et al Japan (OR4200, Po10 -100 in a meta-analysis), 9 the penetrance of MMA in p.(R4810K) carriers is estimated to be 1/150 in the Japanese population. 35 This very low penetrance, on a population basis, contrasts with the incomplete but much higher penetrance observed in a family context. One possible explanation could be that the development of MMA requires, in addition to RNF213 pathogenic variants, at least one additional genetic factor which is most likely shared in families. This "oligogenic hypothesis" might also explain the very limited size of most MMD family trees reported in literature.
Several studies suggest that RNF213 variants might also be involved in other vascular phenotypes, such as premature coronary artery disease, renal artery or aortic disease, high blood pressure, fibromuscular dysplasia, and recently with cerebral aneurysms. 13, [36] [37] [38] In our study, several mutated probands have a personal or familial history of systemic vascular disease. Among them, the M003_4 proband had a severe form of pulmonary arterial hypertension (PAH) in addition to MMA. The association of MMA and PAH had also been described in two unrelated Japanese cases homozygous for the p.(R4810K) variant. 39 Interestingly, these two patients and ours showed a peculiar PAH angiographic pattern characterized by peripheral pulmonary artery stenoses. The M003_4 proband developed in the second year of life, a transitory but marked elevation of liver enzymes of undetermined origin. A similar phenomenon was previously reported in a sporadic childhood-onset MMD patient who carried the p.(S4118F) de novo mutation, very close to the amino-acid D4122 mutated in the proband M003_4. 31 This association of MMD and hepatic cytolysis has also been reported in a case-series of infant-onset MMD, but unfortunately they had not been sequenced for RNF213. 40 RNF213 mutations were also found to be associated with intracranial arterial steno-occlusive lesions without moyamoya network. 14, 41 In the present study, this phenotype was observed in the M019_5 relative, who carried the c.11779G4A (p.(A3927T)) variant and who presented a unilateral and asymptomatic stenosis of anterior cerebral artery without neovessels on MRA. Further studies will be required to firmly establish the role of RNF213 variants in these phenotypes distinct to MMA.
In summary, we provided herein significant evidence for the role of rare, non p.(R4810K), variants of RNF213 in the development of MMA in Caucasian patients, especially when located in a C-terminal hotspot encompassing the RING finger domain of the protein. In a diagnostic context, this study raises the question of the putative benefit of a systematic screening of RNF213 in MMA patients and their relatives. However, the difficulty to draw a clear conclusion about causality when RNF213 variants are considered individually, and the low penetrance observed in most families renders genetic counseling quite difficult at this point. The investigation of biochemical functions, substrates and partners of RNF213 will help to unravel the pathogenic mechanisms linking those variants to MMA, and facilitate variants interpretation in a diagnostic context in the future.
